Estimates of sediment populations of filamentous bacteria were made by a variety of direct count procedures including the use of acridine orange and fluorescein diacetate, and by a viable (most probable number) technique. The counts with acridine orange showed an upward trend with increasing degree of enrichment of the lakes, particularly at the eutrophic end of the spectrum. The distribution pattern obtained with fluorescein diacetate was different, with an apparent upward trend in the intermediate lakes. The profundal and littoral zones of three lakes were examined both at the onset of thermal stratification and in late summer, when they were stratified and the hypolimnion of the eutrophic lake was anoxic. Consistently higher counts were obtained in the profundal zone, the difference being more marked in early summer. There were distinct differences between the lakes in the depth distribution of the filamentous bacteria in the sediments.
Filamentous Bacteria in Sediments of Lakes of Differing Degrees of Enrichment
Estimates of sediment populations of filamentous bacteria were made by a variety of direct count procedures including the use of acridine orange and fluorescein diacetate, and by a viable (most probable number) technique. The counts with acridine orange showed an upward trend with increasing degree of enrichment of the lakes, particularly at the eutrophic end of the spectrum. The distribution pattern obtained with fluorescein diacetate was different, with an apparent upward trend in the intermediate lakes. The profundal and littoral zones of three lakes were examined both at the onset of thermal stratification and in late summer, when they were stratified and the hypolimnion of the eutrophic lake was anoxic. Consistently higher counts were obtained in the profundal zone, the difference being more marked in early summer. There were distinct differences between the lakes in the depth distribution of the filamentous bacteria in the sediments.
I N T R O D U C T I O N
Early aquatic microbiologists devoted much of their time to the study of bacteria in the water column. Since the work of Henrici & McCoy (1938) and ZoBell (1946) there has been a steadily growing literature on sediment microbiology in spite of some of the difficulties encountered by the earlier workers (e.g. the differentiation of non-living particles and bacteria by light microscopy). The problems of studying bacterial populations in the sediments are still greater than in the water column, largely due to the presence of steeper chemical and physical gradients, the masking effect of detrital particles in direct counts, and the occurrence of large numbers of spreading colonies if standard spread plate techniques are used. These difficulties may have contributed to the change in emphasis to research aimed at measurements of processes in sediments, particularly those of the geochemical cycles. Reasonably reliable estimates have been obtained, for example, of rates of methanogenesis, sulphate reduction and denitrification (Rudd & Hamilton, 1978; Jargensen, 1978; Sarensen, 1978) as has a better understanding of the interactions of the processes (Nedwell & Abram, 1979; Winfrey & Zeikus, 1979) . This examination of processes has reawakened an interest in the organisms which may be performing these functions, and brought a realization that perhaps the techniques used originally would not necessarily isolate all the organisms concerned, particularly those involved in tightly coupled consortia (Bryant et al., 1967) . In this re-examination of bacterial groups, those responsible for general heterotrophic processes have to some degree been ignored, partly because of the absence of a reliable measure of heterotrophic production. In particular, the role of filamentous bacteria requires further study.
Much of our recent knowledge on their identification has been derived from the study of man-made systems, e.g. sewage sludge (Farquhar & Boyle, 1971; van Veen, 1973; Eikelboom, 1975 ), yet early workers (Pringsheim, 195 1; Skuja, 1956) consistently isolated these forms from freshwater sediments. This paper is concerned with filamentous bacteria, defined for our purpose as any thread-like form, segmented or not, 10 pm or more in length. We had observed that, with a few exceptions such as Leptothrix spp. , filamentous bacteria were almost exclusively confined to the sediment and therefore may play some intrinsic role at solid-liquid interfaces. Before detailed studies could start, some understanding of the population ecology of these organisms was required, and this paper examines their distribution in a series of Cumbrian lakes. The sediments of these lakes have already been shown to differ in their microbiological characteristics, with greater microbial activity, biomass and numbers being found in the lakes at the eutrophic end of the spectrum (Jones et al., 1979) .
M E T H O D S
Sampling. The 17 lakes investigated, all in the English Lake District. are listed in Table 1 . ranked according to their trophic status: their positions are given in Ramsbottom (1979) . Sediment samples were taken with a Jenkin surface mud corer at a fixed station near the deepest point in each lake (profundal samples) and at the nearest point to the shore with soft sediment (littoral samples).
Direct counts on membranefilters.
The top 1 cm layer of the sediment was removed using a screw extruder (Jones. 1976 ) of known pitch (2 mm). A sub-sample was mixed with an equal volume of membrane-filtered (0.22 pm pore size) lake water and homogenized for I min with an Ultra Turrax homogenizer (Janke & Kunkel IKA Products) set at 20 000 rev. min-'. Preliminary trials had shown that this procedure yielded the highest count of bacteria with reasonable particle dispersion. Membrane-filtered lake water (3 ml) was added to the homogenate and the sample was then diluted with membrane-filtered lake water to a final dilution of lo-'. For counts using acridine orange (AO) the Jones & Simon (1975a) procedure was used. A 0 (10 mg I-' final concentration) was added to the diluted sample which was allowed to stand for 5 min and then filtered through a 25 mm black membrane filter (Sartorius: 0.22 pm pore size). The microscope used was a Leitz Orthoplan equipped with a Ploem illuminator for epifluorescence studies. A 200 W mercury burner (HBO 200) served as a light source and the following filter combination was used (Leitz notations provided): a Calflex B l/K2 interference heat filter and for excitation, a GG475, a 1.5 mm BG12, 2 x KP490 (=KP500) interference filter and the dichroic mirror/ suppression filter combination TK5 10/K5 15. The image was viewed through a K530 mm barrier at x 1250 magnification. The count with A 0 may be considered as an estimate of the total bacterial population but there was no evidence that all the cells counted were viable (Jones & Simon, 1975 a) .
For counts using fluorescein diacetate (FDA) the method was based on that described by Paton & Jones (1975) . The pretreatment of the sample was as described above except that the final dilution was prepared with filtered phosphate-buffered saline pH 7.5 with a final NaCl concentration of 8 g 1-'. Two ml of the diluted sample was dispensed on to the membrane, 0 . 2 m l of a freshly prepared solution of FDA (Koch-Light; 100mg 1-' in phosphate-buffered saline) was added, and the sample was allowed to stand for 30 s. A further 4 ml buffer was then added and the mixture was filtered as above. The microscopic procedure was that used for A 0 counts except that the exciter filter combination consisted of a Calflex B1/K2 interference heat filter and an S470 interference filter. The count obtained with FDA may be considered as a direct estimate of potentially viable cells since the presence of fluorescence indicates metabolic activity often associated with an intact membrane structure. Table 1 
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Direct counts on marked slides. The method was based on that of Trolldenier (1973) . To 10 ml of a lo-' dilution of sediment, I ml of a freshly prepared I % (w/v) agar solution was added. The suspension was vigorously shaken by hand for 30 s and then 10 pl was transferred to a glass slide on which two concentric circles. 7.72 mm and 11.3 mm in diameter, had been engraved. The suspension was evenly distributed within the larger circular area ( 1 cm2) and allowed to dry at room temperature. The smear was then covered with a solution of A 0 (20 mg I-') for 10 min, washed with distilled water and covered with a coverslip. Fifty fields were counted. while the preparation was still wet, using the same filter combination as for FDA counts. The counts were made immediately within the inner circle where the agar film was usually of average thickness (Trolldenier. 1973) .
Direct counts in wet mounts. The method used was based on that described by Edmondson (1974) . A lo-' dilution of sediment was vigorously shaken by hand for 30 s. A 0 (10 mg I-' final concentration) was added and the sample was allowed to stand for 5 min. It was then reshaken, and 40 p1 was delivered on to a glass slide. covered with a coverslip and examined at x 500 magnification. The fluorescence filter combination was the same as that used for FDA counts.
Most probable number (MPN) counts. Heterotrophic medium (g I-'. in distilled water: K2HP0,, 0-2: MgSO,. 7H20, 0.05; glucose, 0.01; peptone, 0.01; yeast extract, 0.01: FeCI,. 4 drops of a 0.01 96 solution) was dispensed into the compartments of Replidishes (Sterilin). Serial dilutions were then made with sterile 1 ml piston pipette tips which were also used to mix the inoculum and medium. Six fourfold dilutions were prepared with eight replicates at each dilution. To each compartment a piece of sterile cellophane (British Cellophane Ltd; PT 400) was added to stimulate growth of the filaments, many of which either grew on or were attracted to surfaces. The dishes were sealed with adhesive tape and incubated at 15 "C for 10 d. The cellophane was then removed and examined under phase-contrast illumination at x 500 magnification. Positive scores were given to compartments in which filamentous bacteria were found growing on the cellophane. The MPN was calculated from the table of Harris & Sommers ( 1968) .
Counts ofjlamentous bacteria on coated slides. Glass slides ignited at 500 "C for 2 h were coated with molten 2% agar. The slides were dried in a dust-free environment and inserted vertically into the sediment cores leaving about 2 cm above the sediment-water interface. The cores were incubated at 8 "C for 7 or 14 d. The slides were then examined under phase-contrast illumination at a magnification of x400. For some counts. gelatin (0.5 %o) or Ullrich's adhesive (Brock & Brock. 1968 ) was used instead of agar for coating the slides.
Analvsis of data. One of the aims of this investigation was to determine whether numbers of filamentous bacteria correlated with the trophic status of the lake. The lakes were arranged in order of increasing degree of enrichment (see Table I ). and the correlation between bacterial numbers and the lake trophic status. expressed as its rank on an ordinal scale, could be calculated (Jones, 1973) . All other differences between groups of lakes were tested by non-parametric analysis of variance. Bacterial population estimates obtained using membrane-filter techniques were based on total counts of 400 bacteria in each sample: thus, confidence limits on individual counts were approximately It 10% of the mean. All other direct count estimates were the arithmetic means of 50 counts on each of four sampling occasions.
R E S U L T S A N D D I S C U S S I O N
Several genera of filamentous bacteria have been isolated from and observed in freshwater sediment by Pringsheim (1 95 l), Maier & Murray (1 9 6 3 , Lewin & Lounsbery (1 969), Strohl & Larkin (1978) and others. For the purposes of this investigation we defined filaments as being longer than 10 Fm; amongst the genera encountered in the lakes studied, Leptothrix, Beggiatoa, Vitreoscilla, Flexibacter and Pseudanabaena were the most common.
The lakes investigated (Table 1) ranged from deep oligotrophic lakes (numbers 1 to 4) to shallow nutrient-rich water bodies as exemplified by Esthwaite Water and Blelham Tarn. A preliminary survey, based on membrane counts and an MPN technique, was undertaken to provide background information on the sediments of the lakes, since the filamentous bacteria of the benthos had not been studied in detail before. This survey was confined to the profundal zone of the lakes. The numbers of filamentous bacteria estimated by direct counts on membrane filters are presented in Fig. 1 (a, b) . The counts with A 0 showed a significant (P < 0.01) upward trend with increasing degree of enrichment of the lakes particularly at the eutrophic end of the spectrum. The ranges observed were also wider in the nutrient-rich lakes than in the nutrient-poor ones. The counts ranged from 0.03 x lo8 filaments (g dry wt)-' in Bassenthwaite to 12 x lo8 filaments (g dry wt)-' in Blelham Tarn. The counts with F D A ranged from 0.14 x lo8 filaments (g dry wt)-' in Buttermere to 1.95 x lo8 filaments (g dry wt)-' in Esthwaite Water. The distribution pattern of bacteria stained with FDA was rather (0). expressed as a percentage of the total bacterial counts (stained with the same fluorochromes) in the surface sediments of 17 lakes arranged in order of increasing nutrient enrichment. as in Fig. 1 . Samples were counted on black membrane filters by epifluorescence microscopy.
(b) Viable (MPN) counts of filamentous bacteria using liquid heterotrophic medium plus pieces of cellophane. Incubation was at 15 OC for 10 d. Samples were taken from the surface sediment of the 17 lakes. The bars indicate 95 Oh confidence limits. different and the correlation with lake trophic status was not significant (P = 0.08). This fluorigenic substrate has been used successfully to count viable eukaryotic cells (Paton & Jones, 1975) but results with the prokaryotes have been variable (Jones & Simon. 1975a) . Satisfactory fluorescence has, however, been obtained at this laboratory with filamentous cyanobacteria and therefore the technique was adopted here. There was an apparent upward trend in the FDA counts in the intermediate lakes, this being more marked in the counts of the total population of bacteria. (Fig. lc) . The counts obtained from lakes 6 to 10 were significantly higher (P = 0-05) than those from the oligotrophic and eutrophic lakes grouped Filamentous bacteria in lake sediments on either side. The result was obtained in spite of the inherent variability of the data (Table  2) . Two other factors also indicated that the higher counts obtained in the intermediate lakes represented a real trend. In the first place. between-core variability with FDA counts of filaments was lower than similar counts of the total population and, secondly, the trend was observed in more than one lake and was not an isolated incident. Since cells which fluoresced in the presence of FDA were considered to be viable, possible explanations are that either there was a real increase in viability of filaments in the intermediate lakes, or that viability was significantly lower at the oligotrophic extreme and that FDA fluorescence was quenched to a greater extent than that of A 0 by reducing substances in the sediment of the more eutrophic lakes. When filamentous bacteria were expressed as a percentage of the total population ( Fig. 2a ) the counts obtained with FDA gave higher values than those obtained with A 0 for all lakes except Haweswater and Ullswater; the FDA counts also showed greater variability between lakes than the counts obtained using AO. In spite of this variability the increasing importance of filamentous bacteria as a proportion of the total population was significantly correlated (P < 0.0 1) with lake trophic status. Although the filamentous bacteria represented a numerically small proportion (usually < 1 %) of the total population, their quantitative importance has been underestimated since they were always counted as whole filaments and not as cells within the filaments. In addition, their numbers bear no relation to their biomass and activity. Jmgensen (1977) has shown that relatively low numbers of Beggiaroa were much more important in terms of biomass and made a major contribution to carbon turnover in offshore sediments. In our samples, in spite of their low numbers, an average biomass of 15 x 1Olo ym3 g-' was obtained for the filaments compared with 7-1 x 1 O l o I m 3 g-l for the unicellular bacteria. These values are only approximations based on cell counts and average volumes but they serve to illustrate the potential importance of the filamentous bacteria. Figure 2 (b) shows the distribution of viable (MPN) counts of filamentous bacteria in the 17 lakes. The results, presented on a logarithmic scale, showed a slight upward trend with increasing degree of enrichment of the lakes, but this was not significant (P = 0-09) and overall variability was very high. A variety of forms were observed on the cellophane strips in the MPN chambers but this method was particularly selective for members of the genus Flesibacter.
The preliminary survey of the sediments of the 17 lakes led to the selection of three lakes, representing the oligotrophic. mesotrophic and eutrophic states, for further study. The number of bacteria present and the extent to which anoxic conditions developed in the hypolimnion were the two main factors considered in choosing the lakes, which were These values (counts ml-') are intended merely as a guide to the order of magnitude of the count that might be expected using the techniques shown. The variability of the data was of the order of that shown in columns 5 and 6 of Fig. 3 . Vertical distribution of filamentous bacteria before the onset of stable thermal stratification in profundal (-) and littoral (----) (shallow, eutrophic) . Sampling of both the profundal and littoral zones was carried out to provide some information on the variability in the populations of filamentous bacteria within the lakes. Results from the preliminary survey had shown that although it was possible to obtain relative estimates of the populations of filamentous bacteria, the handling procedures, particularly homogenization, may have been destructive. Therefore an investigation of counting procedures which would not cause fragmentation of the filaments was undertaken before a detailed examination of the sediment started. Vigorous shaking by hand did not break the filaments, but organisms and sediment particles remained clumped to such a degree that not all the bacteria could be seen under the conditions used for epifluorescence on IP: 54.70.40.11 On: Thu, 13 Dec 2018 14:35:56 Filamentous bacteria in lake sediments 87 I -
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1 - black membrane filters. Two other techniques involving the use of AO, viz. marked slides and wet mounts, were therefore developed. These allowed more intensive staining, and therefore increased visibility, of the filaments. Their main disadvantage was that material remained clumped and variability was greater: therefore the number of fields counted was never less than 50. The marked slides proved to be the more satisfactory, resulting in a clear preparation which was easier to count. The approximate values obtained by the methods used in this study are summarized in Table 3 . The various methods produced counts which differed by orders of magnitude and therefore only approximate values are shown. The variability of each method was similar to that shown in Table 2 , columns 5 and 6. Of the three direct count procedures used, the highest counts were obtained on black membranes after staining with A 0 (presumably because of fragmentation during the harsher homogenization process), and the lowest with wet mounts. The fact that the A 0 counts in wet mounts were lower that those on black membranes may have been due to the masking effect of large sediment particles. In addition, sediment reducing substances (e.g. Fe2+) were more likely to be present in the wet mounts, particularly in samples from the eutrophic Blelham Tarn, and these are known to quench fluorescence (Jones & Simon, 1975 b) . Additional evidence for this latter suggestion was obtained when some filaments observed under phase-contrast illumination did not fluoresce. Identical filaments in well-aerated sediments fluoresced readily. Generally, however, the use of epifluorescence allowed us to see many filaments within sediment particles which could not be resolved by phase-contrast microscopy; therefore the counts obtained in wet mounts were higher when the fluorochrome was used. The vertical distribution of filamentous bacteria in the sediment of the three lakes was examined. The samples for counting were taken to the depth at which the E , became constant (Jones et al., 1979) . The vertical distribution of filamentous bacteria at the onset of thermal stratification, and in late summer, when the hypolimnion of Blelham Tarn had become deoxygenated, are shown in Figs 3. 4 and 5. The counts were consistently higher in the profundal samples than in those from the littoral zone, the difference being particularly marked at the beginning of the summer. The population estimates for Blelham Tarn were significantly higher than those obtained for the other two lakes. The filamentous bacteria in Blelham Tarn were found in largest numbers in the top 1 cm of sediment and numbers decreased with depth in both profundal and littoral sediments. This pattern was not observed in Windermere, South Basin and Wastwater where sub-surface peaks of numbers occurred.
Although the direct count estimates of the bacteria in the littoral and profundal sediments were consistent with previously published data (Jones, 1980) , the fact that the cells stained positively with A 0 or FDA did not provide conclusive proof of their viability (i.e. the ability to grow and divide). We decided that a technique which would encourage growth after colonization of a surface, while not providing a quantitative estimate of numbers, would provide valuable additional information on the distribution of viable filaments. Accordingly, microscope slides coated with agar, gelatin or Ullrich's adhesive were inserted vertically into the sediment cores and incubated for different periods of time. The most satisfactory results, i.e. those which yielded a high count with greatest variety of filamentous types, were obtained with agar-coated slides incubated for 7 d. When corrected to a volume basis, the counts were generally higher than those obtained by the MPN procedure and comparable with counts of wet mounts by phase-contrast microscopy ( Table 3) . Examples of some of the filamentous bacteria obtained on such slides are illustrated in Fig. 6 .
This preliminary survey has provided some basic information on the sediment sites where filamentous bacteria may be found. Techniques have been developed which have allowed us to observe the distribution of the total population of filamentous bacteria, but further information is required on the distribution of individual taxonomic groups in the sediment environment.
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